The intrinsic soft nature of compliant supernumerary limbs and exosuits makes them appealing candidates for assisting human movements, with potential applications in healthcare, human augmentation and logistics. In the following chapter, we describe the technology used in exosuits and supernumerary limbs for assistance of activities of daily living, with emphasis on aiding grasping and flexion/extension of the elbow joint. We discuss the mechanical design principles of such devices, detail the control paradigms that can be used for intention-detection and present the design and evaluation of cutaneous interfaces used for force feedback rendering. Tests on healthy and impaired subjects highlight that exosuits and supernumerary limbs are potential cost-effective and intrinsically safe solutions for increasing the capabilities of healthy subjects and improving the quality of life of subjects suffering from motor disorders.
Introduction
The introduction of compliant elements in robotics revolutionized the path to the design of applications with human in the loop; series elastic actuation [1] was the ignition to this new approach which has been widely accepted by a large part of the robotic community that considered the use of compliant elements as the natural solution to solve the problem of human robot-interaction.
Haptics, robot-aided rehabilitation and assistive technology embraced the new idea of designing devices which included compliance among the joints and at the end effector, with the final purpose to optimize the human interaction by reducing the contact force and filtering fast and abrupt dynamics. Literature reports a multitude of devices employing series elastic [2] , pneumatic [3] and variable impedance actuators [4] which found their natural application in rehabilitation [5] , telemanipulation [6] and in general for all those tasks which can benefit from force limitation and fine regulation of the interaction at the end effector.
Compliant actuation opened a new scenario, alternative to the classic robotics precept "stiffer is better"; a new control approach was adopted with the purpose of transforming the force problem into a position problem where the deformation of the compliant element was the main indicator of the interaction forces between the human and robotic device. Rehabilitation robotics and assistive technology were the applications which benefited most from the new gentle approach. Worldwide scenario comprises two different approaches which are mainly driven by the residual capacity of motion from the final users.
Technology for rehabilitation and assistance has principally targeted Stroke as the leading cause of permanent disability worldwide and its efficacy is strictly linked to the mutual interaction between the patient and the devices.
Despite the large diffusion there are still several drawbacks which are far from solved, especially in assistive technology. The aforementioned improvements in actuation and control solutions did not prevent the majority of devices from employing rigid components in parallel with the human biomechanics, with a resulting ergonomics and usability which are still far from nearly optimal. Furthermore, the weight of the current devices requires unacceptable metabolic costs from the wearer, with a consequence movement restriction imposed on the user's joints which may result in misalignment and parasitic torques on the articulations. Soft wearable exoskeletons (or exosuit ) and Supernumerary Robotics are the successive step to the introduction of compliant actuation, where not only the actuators but also the structure of the device itself is designed to be compliant. This new vision has been gradually arousing the interest of the robotic community, proving to be a viable complementary solution to rigid robotics. Whilst not being suitable for the applications requiring large forces and torques where rigid devices still show higher performance, exosuits' and supernumerary limbs' intrinsic compliance, portability and low-power consumption make them ideal for partly augmenting the muscular strength or providing additional support in activities of daily living such as walking [7, 8, 9] , hand grasping [10] and stabilization tasks [11] .
Exosuits overcome the limitations introduced by the conventional exoskeletons, where the lack of mechanical compliance in their kinematic structure represents the main factor limiting a wider diffusion of such technology.
As an alternative to the stiff links of conventional exoskeletons, the exosuit design comprises fabrics and meta-materials to connect the human limb to the actuation stage, while the support is demanded to the human musculoskeletal system: this solution results particularly suitable in those applications where the human biomechanics is able to provide a supporting structure while actuation and transmission can deliver torque and force across the human articulations [12] .
There are not many examples of exosuits in the literature and the majority are focused on lower limb. Due to the cyclic nature of walking, the great control challenge is triggering the assistance at the right phase of walking, and delivering it to the correct anatomical joints which are usually restricted in the sagittal plane of motion: examples of exosuit used in delivering assistance to both healthy and impaired subjects are from Panizzolo and Rossi et al. [8, 13] where a bowden cable-driven exosuit for ankle and hip assistance has been used on stroke subjects showing tangible benefits in improvement of metabolic costs and walking efficiency.
One of the most significant examples of an upper limb exosuit, which employed a fine model-based controller implementation, was from Ueda et al. and Ding et al. [14, 15] ; consisting in a wearable fully compliant exosuit at the shoulder/elbow joints. The device was driven by flexible pneumatic actuators with ends anchored to rigid plastic frames, and equipped with force and EMG transducers to apply force feedback control. The novelty of the design was in the integrated human-exoskeleton model used to compute the interaction between the human muscle forces and torques generated by the exosuit.
Other examples of wearable textile-garment based exosuits for hand rehabilitation come from Lee et al. [16] and In et al. [17] , where and exotendon device and exo-glove respectively, used cable actuation to promote the recovery of fingers coordination and restoring functional hand movement after stroke or spinal cord injury. The two devices used different approaches: the exotendon has been designed to be a rehabilitation device for clinical therapy, where the geometry and the disposition of the tendons, driven by seven motors, aimed at finely replicating different hand gestures (i.e. grasping, lateral grip, pinching etc.) with a passive motion paradigm; the exo-glove relied on a more compact design, employing an underactuated mechanism by Jeong et al. and focusing its strength on the portability and versatility, where assistance was triggered by wrist motion detection.
Supernumerary Limbs contrarily to the exosuits are not mounted in parallel respect to the human articulations but they are additional limbs. The main function of such architectures is not intended to provide additional torque at the level of human joints but mostly to replace the lost functionality, improving the dexterity of the users.
Supernumerary Robotic Limbs (SRLs) were initially conceived for industrial applications; attached to the human waist to support the body, powered joints were attached to the human joints and are constrained to move together with the human limb. The SRLs are designed to take a set of postures to maximize the load bear-ing efficiency. The SRLs can bear a large load with small power consumption and provide the users with additional dexterity which can facilitate a specific set of tasks.
Supernumerary Limbs have been also been recently employed on impaired subjects: more specifically when the level of neurological impairment is severe and the patient's residual capacity of motion is too low, supernumerary robotics represents a complementary option to regular exoskeletons and exosuits. For example, patients affected by hypertonia or muscular atrophy due to a prolonged limb immobilization, will be unable to use an exoskeletal structure, because of the lack of biosignals useful to drive/trigger the exosuits, and their compromised biomechanics which avoid the exoskeleton to properly works (i.e. joint misalignment and residual muscular cocontraction).
For the above mentioned reasons supernumerary limbs represents a viable option to provide severely affected patients with an additional dexterity, which is able to partly restore the functionality of a limb and allow them to perform basic activities of daily living which before would have been almost impossible.
The following sections will describe the technology used in exosuits and supernumerary limb applications. Examples and previous work from the authors will provide an overview of the potentials and limitations of such technology, highlighting their complementarity and possible future trends.
Exosuits
A wealth of devices has been engineered to assist the upper-limbs in physical therapy [18, 19, 20, 21, 22, 23, 24, 25, 26, 27 ] mostly consisting of load-bearing exoskeletons made of rigid links that operate in parallel to the human skeleton.
One of the most common limitations of these exoskeletons is given by the kinematic constrains imposed on the wearer's joints by the rigid frame. Misalignment between the robot's joints and the biological ones results in hyperstaticity [28] , i.e. the application of uncontrolled interaction forces, which upsets the natural kinematics of human movements. Various methods have been proposed to avoid hyperstaticity, such as adding passive DOFs [29] , self-aligning mechanisms [30] or remote centres of rotation [31] . These solutions come at the cost of increasing the size and mass of the device, which makes it intrinsically unsafe and thus unsuitable for unsupervised, at-home use.
A recent and promising paradigm consists of delivering forces to the human skeletal system by means of soft, clothing-like frames powered either by pressurizable elastomeric actuators [32, 33, 3, 34, 35] or by bowden cables moved by proximally-located motors [36, 37, 12, 17] .
The use of clothing-like frames, known as exosuits, for transmitting forces to the human body represents an appealing solution for human motion assistance. Their intrinsic compliance, low profile and quasi-negligible inertia make them likely candidates for use on a daily-basis. The absence of a rigid structure, moreover, avoids the joint-misalignment problem and makes the device completely transparent to human kinematics. (a) Both devices comprise a wearable component (exosuit or glove) and a proximally-located actuation unit that transmits power to the joints via bowden cables. (b) DC brushless motors drive a spool around which the artificial tendons are wrapped; an electromechanical clutch allows to couple and decouple the motor from the transmission, allowing the user to move freely on demand. A feeder mechanism, thoroughly described by In et al. [38] , keeps the cables in tension around the spool.
The downside of exosuits is their inability to apply high forces: being there no external rigid frame, loads are born by the wearer's joints. Nevertheless Quinlivan et al. have demonstrated that applying small forces with the correct timing during the walking cycle can reduce the metabolic cost of walking [9] up to 22.83% with no reported damage on the user's joints and In et al., have experimented with a soft glove with a bio-inspired tendon routing on a tetraplegic patient for restoring up to a 50N hand grasp [17] .
Design and Actuation
The elbow and the hand exosuits comprise an actuation stage and a wearable component. The actuation stages are located proximally (e.g. in a belt around the waist) and transmit power to the suits via bowden cables (Figure 1.1a) .
Both tendon-driving units follow the same working principle, schematically shown in Figure 1 .1b: a brushless DC motor drives a spool around which one or more pairs of artificial tendons are wrapped in an antagonistic fashion so that rotation of the motor in one direction causes retraction of the agonist cable and releases its antagonist. An electromagnetic clutch is placed in between the motor shaft and the spool, coupling and uncoupling the motor and the end-effector when engaged and disengaged respectively. This allows the controller to switch from a driving mode, where the exosuit is assisting its wearer, to a transparent mode, where the suit acts as a garment and allows free and unconstrained movements.
It is important to guarantee that the tendons don't slack around the spool. Pretensioning, a strategy commonly used in tendon-driven robots [39] , is not a feasible solution due to the stress that a continuous force would introduce on human joints: rather, we adopt a feeder mechanism, thoroughly described in [38] , that confines the slack outside of the actuation unit.
The feeder mechanism comprises two idle rollers and two one-way clutches. The tendons pass between the rollers and the clutches. The one-way clutches' shaft is coupled to the spool's shaft with a spur gear. When the cable is released, the one-way clutches are engaged, thus pulling the cables out and keeping the tension around the spool. When the cable is retracted, the one-way clutches are idle and the feeder mechanism does not interfere with the re-wrapping of the cable. In order to increase adhesion, a lining of urethane coating was added on the metallic surface of the one-way clutches.
The elbow actuator (shown in Figure 1 .2a) comprises the following components: a brushless motor (Maxon EC-max, ∅ 22mm, 50W) coupled to a gearhead (reduction of 33:1) and whose position is sensed by a quadrature encoder (Maxon Encoder MR, 512 CP), a spool around which two cables are coiled in opposite directions, a feeder mechanism and an electromagnetic clutch (Inertia Dynamics, SO11).
The two tendons, made of superelastic NiTi wire, were routed from the actuator unit on the backpack to the elbow joint through an outer cable housing (Nokon, Sava Industries). The whole mechanism is enclosed in a 3D printed case in ABS plastic. The fundamental components of the actuator driving the cables of the soft glove for grasp assistance are shown in Figure 1 .2b. Schematically, this unit is exactly Figure 1 .1b, enclosed in a 3D printed plastic casing. The elbow and hand units weight, respectively, 750g and 420g.
like the one for the elbow, modelled in Figure 1 .1b, with the only difference that it drives three pairs of antagonistic tendons instead of one. The device consists of a DC brushless motor (Maxon EC-max, ∅ 22mm, 25Watt) equipped with a rotary encoder (Maxon Encoder MR, 512 CPT) and a planetary gearhead with a reduction of 23:1. A further 3:1 reduction between the motor and the spool shaft ensures that the electromechanical clutch (Inertia Dynamics, SO11, τ max = 0.68Nm) can withstand higher locking torques.
The exosuit for the elbow (shown in Figure 1. 3) was designed by modifying a commercially available passive orthosis (MASTER-03, Reh4mat). The substrate of the suit, having the function of adhering to the body of the user and keeping it in place, is made of a 3-layered fabric: an external layer used to attach hard components (buckles and webbing strips), an intermediate Ethylene-vinyl acetate (EVA) foam cushions high loads and avoids high pressures and an internal 3D polyamid structure provides high air permeability and moisture absorption. Additionally the arm bands are lined with a silicone pattern at the interface with the skin to prevent slipping. Load paths, i.e. the directions along which forces are transmitted through the fabric to the body, need to be as stiff as possible to maximize force transmission efficiency. They are thus made of webbing, i.e. nylon fibers woven in a flat strip, which is virtually inextensible and able to support high loads. To route the tendons along the load paths we sewed 3D printed components on the webbing network on both sides of each joint. These serve as artificial ligaments, anchoring the tendons to the body.
Finally, pre-tensioning the suit against the body, fundamental to avoid slipping and increase transmission efficiency, is achieved via buckles and velcro straps around the arm and forearm and along the load-paths (Figure 1.3) . In Figure 1 .3.b the subject is also wearing a harness designed to carry the actuation unit on his torso. The harness, that can be tightened through a set of buckles, loads the weight of the device (≈2kg including actuation, electronics and power supply) on the wearer's shoulders.
The soft glove for grasping assistance (shown in Figure 1 .4) is designed following the same principles. An elastic lycra layer forms the substrate of the glove, ensuring a snug fit and keeping the anchor points in place while a neoprene layer ensures comfort where the major forces are applied by the tendons. The anchor points, The actuator, the electronics and the power supply are carried in a backpack-fashion and weighs, overall, 2.1 Kg.
driving the tendons along the phalanxes and between the joints, are 3D printed in ABS and sewn on the fabric. A wrist brace and the fingertip fittings are essential for an effective transmission of forces to the body since they are the only points where forces are applied normally to the skeletal structure. Specifically, the wrist brace loads the protruding trapezium and pisiform bones on the wrist and the fingertip fittings act on the distal phalanx of each finger. A pair of velcro straps facilitate donning and doffing of the glove. Table 1 .1 summarizes the overall weight and materials cost of the exosuit and the glove. Figure 1 .4: Soft glove for grasping assistance; dorsal and palmar view. The glove combines three different fabrics and rigid anchor points to be both comfortable and functional. A substrate in elastic fabric guarantees a snug fit, thus avoiding slipping of the anchor points during usage. A layer of neoprene, under the anchor points, avoids the application of high pressures on the wearer's skin. A pair of velcro straps facilitates donning and doffing.
Control
While the use of flexible materials for transmitting forces to the wearer presents many advantages, it also poses unquestionable control challenges: deformation of stretchable materials, friction in the bowden cables and the viscoelastic properties of human soft tissues make a simple feedback control inadequate for achieving a reasonable tracking accuracy. Moreover, understanding the the intentions of the wearer is a key but challenging task. We propose to tackle these issues by implementing a layered control paradigm which intuitively operates the exosuit. The proposed controller, shown in Figure ? ?, is referred to as hierarchical because it consists of three separate layers in cascade. We aim at considering all the aspects ranging from human intention detection for assistance evaluation (high layer), to adaptive compensation of unwanted effects arising from the presence of non linear behaviours in the exosuit (low layer). We test the proposed hierarchical control architecture in a trajectory following task an quantify its level of assistance on healthy subjects by monitoring the Electromyographic (EMG) activity of the muscles involved.
High Level Controller
The high level controller deals with the task of understanding the intention of the user, converting it into an estimated torque at the joint and successively into a joint position using a dynamic model of the human arm. To do so we used a mathematical model for bowden-cable transmission that provides an acceptable estimation of the torque from the cable tensions [40] measured by load cells shown in Figure 1 mapping the cables (flexor and extensor) displacement to the joint angle φ e . The flexor cable has an extension function h 1 (φ e ) defined as:
while the extensor cable is described by:
where a is half of the width of the arm, b is the distance from the joint centre of rotation to the anchor points (rigid braces), R is the radius of the elbow joint, and φ e is the elbow joint angle. From the two extension functions h i (φ e ) we can compute the relationship between the cable tensions f i and the torque τ a delivered to the elbow joint. By defining the matrix J as:
where h represents the vector of cable extensions, the estimated assistive torque generated by bowden-cable transmission τ a is expressed by the equation:
where f represents the vector of cable tensions.
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The human arm dynamics, used for admittance controller, can be obtained by the Lagrangian formulation [41] :
where τ is the resulting torque of the human action τ h and the assistive torque from the exosuit τ a , while φ e ,φ e andφ e denote the measured elbow angular position, velocity, and acceleration respectively; b e is the viscous damping constant; and g = 9.81m/s 2 represents the gravity constant. The torque deriving from the human muscles τ h can be obtained from the inverse dynamic model expressed by (1.5), i.e.,
where τ a is the estimated assistive torque obtained from equation ( The exosuit, which was used in the present work, has been conceived as a device to provide assistance to impaired people, in particular to stroke subjects who do not preserve enough residual voluntary capacity of motion to lift their elbow. Hence after the human torque τ h has been estimated by the aforementioned model.
A successive block in the controller must generate a reference trajectory φ d e which the actuation must deliver to the human joint. In order to provide a smooth intervention of the actuation on the user an admittance controller has been used: the admittance controller has the role of changing the overall dynamics, increasing the transparency of the exosuit itself and decreasing the mechanical impedance of the human biomechanics. The result is an assistance which is gradually modulated and depends on the mutual interaction between the device and the wearer. The admittance control block can be defined as follows: 
where α 0 and α 1 are two constants experimentally chosen to bound the intervention of the assistance and ε α denotes the sensitivity coefficient of the hyperbolic function tanh(.). The factor α increases with the measured joint velocityφ e , meaning that the level of assistance is strictly dependent on the user's residual motion capacity: a high motion speed from the user (i.e. high motor ability) corresponds to a low assistive torque provided by the exosuit and viceversa, and the device is therefore able to gradually tune the assistive torque based on the a realtime estimation of the subject's capacity of motion.
Mid-level Controller: Adaptive Backlash Compensation
The purpose of the mid-level control layer is to compensate for the nonlinear backlash phenomenon typical of the bowden cable transmission. The desired angular motion φ d e from the admittance control block must be converted into a motion φ d a which is successively sent to the servomotor and delivered at the elbow joint. The mid-level controller is implemented with the purpose to specifically compensate for backlash phenomena. The relationship between the desired motion φ d e and the motion the actuation unit φ d a is defined adopting the Bouc-Wen hysteresis model [43] , such that the desired elbow motion is a function of the actuator rotation and a term representing the backlash uncertainties:
where α φ represents the positive ratio of φ d e to φ d a ; β is the inverse of α φ ; and D represents the model uncertainties due to the bowden sheath's configuration variations during operation.
The adaptive controller design uses a reference motion φ r e and sliding surface s as in:
where e represents the tracking error between the desired elbow joint motion φ d e and the measured one φ e ; and λ is an arbitrarily positive constant. Since the elbow joint is supposed to follow a given trajectory φ d e , the desired actuator state φ d a can be chosen as:
where β and D m are the estimated value of β and D m respectively (such notation will be used for all variables from now on); and κ, ε are positive constants. Replacing φ d a from (1.11) to (1.9) leads to the dynamics of the sliding surface s as: 
Low-level Controller: friction compensation and position control
The low level control layer is intended to drive the actuation stage by sending the input to the DC motor and to compensate for the nonlinear friction occurring because of the cable sliding along the bowden sheath. The friction continuously and unpredictably changes according to the curvature of the sheath which moves with the subject arm motion; if not compensated, the torque generated by the actuator is partly lost during operation. An adaptive algorithm compensates for the friction and controls the DC motor in tracking the desired trajectory φ d a . The actuator with the friction is modeled as follows:
where J and B represent the inertia and damping coefficient of the actuation stage, τ f the friction torque, and u is the control output to be sent to the DC motor. The dynamic parameters of the actuation stage comprising the DC motor and the bowden cable and the friction variability are unknown: the LuGre model for the dynamic friction compensation [44] , allows to express τ f as follows:
where z is a variable in the Lugre model; B v φ a represents the viscous friction; and τ z φ a ,φ a , z represents the dynamic friction depending on z. Before designing the control signal u, we define the tracking error e 1 , reference motionẋ r a and sliding surface s 1 for the actuator as:
where φ a and φ d a denote the measured and desired rotation of the DC motor, respectively; and λ 1 is an arbitrary positive constant. The control signal u for the DC motor is designed as: Figure 1 .6: The experiment was run by instructing the subjects to replicate the movements of a virtual avatar on the screen trying to match the elbow speed. EMG and elbow flexion φ e were acquired and post processed to compare the muscular activities.
where J is the estimated value of J; B and B v denote respectively the estimated values of B and B v ; τ zm denotes the estimated value of τ zm ; and ε 1 and κ 1 are two positive constants. Substituting (1.15) and (1.17) to (1.14), and replacing B t = B + B v result in the dynamics of the sliding surface s 1 as:
where J = J − J is the estimated error of J; B t = B t − B t is the estimated error of B t ; and τ zm = τ zm − τ zm is the estimated error of τ zm . Therefore, the unknown parameters J, B t , and τ zm are updated at each period by:
where δ 3 , δ 4 , and δ 5 are positive adaptation gains. Table 1 .2 summarizes the identified control parameters averaged on three subjects.
The elbow exosuit was evaluated on three unimpaired subjects (Average age: 26.6±1.5), with the controller described above. The experiment aims at demonstrating that the proposed hierarchical controller is accurate, stable and provides a smooth intervention when assistance is requested by the users, modulating the amount of torque at the elbow depending on the capacity of motion of the subject and decreasing the muscular effort during load manipulation.
During the experiment the subjects were instructed to lift their forearm, following the motion of a virtual avatar on a screen (as shown in Figure 1 .6) while holding a 1kg load in their left hand, in two distinct task phases: (1) performing 10 repetitive flexion/extension movements with and without assistance delivered by the exosuit to prove that the use of the proposed device/controller effectively decrease the muscular activity, helping the wearer to complete the task; (2) performing 10 repetitive flexion/extension movements at two different speeds (φ 1 e = 0.3rad/s anḋ φ 2 e = 0.6rad/s), to show that the intervention of the exosuit is based on the subject's capacity of motion. It is commonly accepted that kinematics in stroke subjects is dramatically jeopardized [45, 46] and a lower elbow speed is associated to a reduced voluntarily capacity of motion. For this reason, asking subjects to move at a lower and higher speed, implies that the proposed controller should interpret a lower speed as a reduced motion capacity and consequently increase the level of assistive torque respectively, as described in the section 1.2.2.1 Muscular effort was estimated from the Root Mean Square (RMS) of the EMG activity [47] of the main muscle involved in performing elbow flexion movements, i.e. the biceps brachii of the left arm. The raw EMG was acquired using Trigno wireless EMG sensors (Delsys Inc.) and was pre-processed in Matlab Simulink ® using a full-wave rectification, followed by a low-pass second-order Butterworth filter with a 8Hz cut-off frequency. The elbow joint angle φ e was acquired during the experiment and used for control purposes using a resistive flex sensor (Spectrasymbol, USA). Data acquisition and motor control were performed using the Quanser Quarc ® realtime workstation running at 1kHz refresh rate.
Results of the first task comparing the EMG activity of one subject with and without the assistance are depicted in Fig. 1.7a , showing a clear descrease in the amplitude of the EMG activity when the exosuit was assisting the motion. Analysis of the RMS value of the EMG signal, averaged over repetitions and subjects, is shown in Figure 1 .7a. The latter shows an average drop in RMS of 48.3% between the non-assisted and assisted case. Figure 1 .7b shows the estimated assistive torque, as computed from Equation 1.6 and the recorded EMG activity of a single flexion/extension task from one of the participants. This results in a trajectory profile as shown in Figure 1 .7b, with a tracking error smaller than 0.3rad and a fast response time.
The second experiment examines the efficacy of the controller in adapting its contribution to the user's capacity of motion. The subjects performed the elbow movement at two different angular velocities (φ 1 e = 0.3rad/s andφ 2 e = 0.6rad/s) and the exosuit modulates the degree of assistance, i.e. the assistive torque, based on Fig. 1 .8A-B shows the EMG activities and the delivered assistive torques τ a respectively for one typical subject at the two execution speeds: it is observable that at lower speed (lower capacity of motion) the controller estimates a higher assistive torque than when the subject moves at the higher speed (which corresponds to a higher capacity of motion). The same result was observed for the whole group of subjects. An analysis of the EMG signals supports these results: Fig.  1 .8.C shows that the mean RMS value of the EMG signal, averaged over subjects and trials, is lower at a lower speed of motion, confirming that the controller has adapted to the lower motor ability of the subjects by providing higher assistance.
Discussion
Despite the unquestionable advances achieved in the last 50 years in wearable assistive devices, current technologies are still far from being used on a daily basis. This is mostly due to their limitations in terms of portability, safety, ergonomics and, energy-wise, autonomy. Moreover, the cost of most of the developed exoskeleton make them prohibitive but for the most affluent users. In this section we presented the design and testing of a soft wearable exosuit for assisting elbow movements and hand grasping. Using fabrics and bowden cables instead of traditional rigid transmissions would potentially result in cheaper devices, moreover making the device low-profile, lightweight, compliant and less restrictive to the wearer's motion. We based our design on a set of documented force and motion requirements and kept the weight and size of the actuators as low as possible. Finally, we introduced a novel, hierarchical control paradigm that exploits sensory data to adapt its model of the system, adapting to the wearer's retained motor capacity and compensating for the non-linear phenomena that make a simple linear control insufficient.
Despite having multiple advantages, exosuits rely on the wearer's skeletal structure to transmit compressive forces and are thus limited in the amount of assistance they can provide, especially if the wearer suffers from bone weakness caused by disuse osteporosis, a common co-morbodity of neuromuscular impairments [48] . This suggests that their effectiveness might be strongly dependent on the degree of retained motor ability of the patient. This point needs to be experimentally assessed: to the authors' knowledge, the only clinical criteria for the use of a soft wearable robot have been defined for the SEM Glove (Bioservo Ltd), which is recommended for patients with and Action Research Arm Test (ARAT) score between 10 and 35 and a Stroke Upper Limb Capacity Scale (SULCS) score of 4-7 [49] . We are confident that our glove could prove to be useful for a slightly larger population since it actuates both flexion and extension of the fingers, whilst the SEM glove only aids gripping strength. No documented criteria, on the other side, exist for deciding the level of impairment that a soft elbow sleeve would be suitable for, thus tests with patients are of paramount importance for identifying the contribution of our technology.
In conclusion, whilst there is still a great need for improvement in the design, control and knowledge of their contribution, soft wearable devices for assitstance have the potential of becoming a valid and cost-effective solution for increasing independence and quality of life of patients suffering from motor disorders. Figure 1 .9: Working principle of the robotic extra finger. It cooperates with the paretic limb to compensate for hand grasp functionality (left), and it can be shaped into bracelet when not used (right).
Supernumerary Limbs
Long-term disabilities of the upper limb affects millions of stroke survivors [50] . More than 80% of individuals who experience severe hemiparesis after stroke cannot completely recover hand and arm use [51] . The improvement of the paretic hand functionality plays a key role in the functional recovery of stroke patients with a paretic upper limb [52, 53] . Different motor impairments can affect the hand both at motor execution and motor planning/learning level, including weakness of wrist/finger extensors, increased wrist/finger flexors tone and spasticity, cocontraction, impaired finger independence, poor coordination between grip and load forces, inefficient scaling of grip force and peak aperture, and delayed preparation, initiation, and termination of object grip [54] . In the last two decades, several rehabilitation teams have started integrating robotic-aided therapies in their rehabilitation projects. Such treatments represent a novel and promising approach in rehabilitation of the post-stroke paretic upper limb. The use of robotic devices in rehabilitation can provide high-intensity, repetitive, task-specific and interactive treatment of the impaired upper limb, and can serve as an objective and reliable means of monitoring patient progress [55, 56, 57] . Most of the proposed devices for hand and arm rehabilitation are designed to increase functional recovery in the first period after the stroke when, in some cases, biological restoring and plastic reorganization of the central nervous system take place [58] . However, even after extensive therapeutic interventions in acute rehabilitation, the probability of regaining functional use of the impaired hand is low [59] . For this reason, we recently started studying robotic devices for the compensation of hand function in chronic stroke patients, and in [60, 61, 62] we introduced a wearable robotic extra finger that can be used as an active compensatory tool for grasping objects.
The working principle of the proposed extra finger is rather simple and intuitive. The device can be worn on the paretic forearm by means of an elastic band, so that the robotic finger and the paretic hand can act like the two parts of a gripper working together to hold an object, see Fig. 1.9 . This solution represents the minimum robotic complexity necessary to perform grasping tasks. To further improve its wearability, the finger can be shaped into bracelet when being not used. The user can control its flexion/extension through an EMG interface placed on the patient forehead [63] or through wearable switches [64] , as described in Section 1.3.2. In [65] , we showed how the supernumerary finger can be used in activities of daily living (ADL) involving common bimanual tasks such as opening cans and jars with different closing systems and shapes. Sections 1.3.1 and 1.3.2 present the principles that can be used to design and control supernumerary limbs and, in particular, focus on the choices that were made for the Soft-SixthFinger. The reader can refer to Section 1.3.5 for details on the application and on the performance evaluation of the device.
Design and Actuation
Wearable assistive robotic devices used for clinical applications must meet specific human factors and performance criteria. The general guidelines which can be found in the literature include: durability, energy efficiency, low-encumbrance, ease of use, error tolerance, and configurability [66] .
Two key characteristics for supernumerary limbs are the wearability and the acceptability for the users, and, in order to improve them, the design must satisfy a number of conditions related to ergonomics and functionality [67] . The specific indexes to be used and the human ergonomics strongly depend on the actual patient conditions and needs [68, 69] . Several experiments with patients, conducted in cooperation with a rehabilitation team, and reported in [62, 65, 63] , led us to the development of the Soft-SixthFinger.
This supernumerary finger has been designed to be wearable, robust, and capable of adapting to different objects. In general, the robustness plays a twofold role: it makes the device capable of withstanding large impacts and other forces due to the unintended contact with the environment; it enables the robotic device to reliably grasp objects in presence of sensory uncertainty and unpredictable environment features. In previous works, robustness and soft interaction are achieved either by regulating the compliance of the robotic joints [70] or by tuning the intrinsic softness, acting on the passive characteristics of the robot bodyware [71, 72, 73] . The former approach is based on complex and bulky variable impedance actuators that are more suitable for other applications. Differently, our device is inspired by the latter approach in order to be simple, lightweight and compact. In particular, passive compliant joints and cable driven actuation guarantee robustness and safety during the interaction with the environment. These two characteristics not only assure that the device can endure collisions with hard objects and even strikes from a hammer without breaking into pieces, but also allow it to be highly adaptable to different object shapes, as it typically happens in underactuated and compliant hands [74] . In such types of robotic hands, in fact, transmission solutions that allow the motion of the other joints to continue after a contact occurs on a coupled link enable the device to passively adapt to objects using a reduced set of control parameters and in presence of uncertainties in sensing and actuation [75, 76] .
As shown in Fig. 1 .10, the Soft-SixthFinger is composed of two main parts: a flexible finger and a support base, coupled through a passive locking mechanism needed to switch between working and rest position (Fig. 1.9 ). The flexible finger is built with a modular structure. Each module consists of a rigid 3D printed link made of ABS (Acrylonitrile Butadiene Styrene, ABSPlus, Stratasys, USA) and covered with a silicon skin, and a flexible 3D printed joint made of thermoplastic polyurethane (NinjaFlex ® ). We selected polyurethane for the flexible parts because the high elongation of this material allows for repeated movement and impact without wear or cracking, proving also an excellent vibration reduction. Reasons for adding passive elements are manifold, including storing elastic energy, avoiding tendon slackness and ensuring the uniqueness of the position of the extra-finger when not in contact with the object [77] . The modules are connected one to each other by sliding the thermoplastic polyurethane part inside the ABS one. This method allows to assemble the device in an easy way, without using any screw to combine the modules.
The device is developed by combining two different manufacturing processes: rapid prototyping 3D printing for the structure and molding for the silicon skin. The molding process shapes the raw material using a solid frame of a particular shape, called a pattern. We used 3D printed skeletons to hold the liquid silicon in the desired shape until it turned solid. We realized closed-top molds which are used for more complex part geometries. We pored the silicon mixture over the skeletons of the modules and used other mold's parts to constrain the liquid silicon to achieve the desired geometry and shape of the skin. Metal tubes were inserted into the module holes so to avoid silicon to fill the tendon holes. The silicon used is Fast Rubber FR-18 which is bi-component curing at room temperature. The mixing ratio of components is 100 g of base per 5 g of catalyst. It has viscosity of 30 Pa·s and the final hardness is 17±2 shore A. The silicon skin on the rigid links aiming to increase the friction at the possible contact areas.
The support base of the finger has been designed to guarantee a firm grip on the arm of the user and the wearability of the entire device. It consists of two parts coupled with velcro strips to facilitate the wearing process and assure the adaptation to different arm sizes. The upper part contains the actuation system of the SoftSixthFinger that consists of a single actuator and two tendons running in parallel through the modules of the finger. The cables (polyethylene dyneema fiber, Japan) run through the finger and are attached on one side to the fingertip and on the other one to a pulley rigidly connected to the actuator shaft. When the motor is actuated, the tendon wires are wound on the pulley reducing the length of the wire and thus flexing the finger. As the motor is rotated in the opposite direction, the extension of the finger is achieved thanks to the elastic force stored in the flexible joints. Currently, we are using as actuator a Dynamixel MX-28T (Robotis, South Korea) driven by an ArbotiX-M Robocontroller [78] .
Control
One of the major challenges in the development of extra limbs, lies in finding suitable control interfaces for the integration of the robotic devices with the human. The choice of the control strategy to adopt, strictly depends on the design of the supernumerary limb and on its purpose. In [79] , authors present a control algorithm enabling a human hand, augmented with two robotic fingers, to share the task load together and adapt to diverse task conditions. Postural synergies were found for the seven-fingered hand comprised of two robotic fingers and five human fingers through the analysis of measured data from grasping experiments. Prattichizzo et al. in [60] describe a mapping algorithm able to transfer to an arbitrary number of robotic extra-fingers the motion of the human hand. The algorithm is based on the method proposed in [80] , in which the mapping procedure was developed to reproduce human hand postural synergies on robotic hands with a dissimilar kinematics. In [60] , this procedure is extended to the case of a human hand augmented with robotic extra-fingers, introducing an interesting and, to the best of our knowledge, still not very exploited framework, in which the human part and the robotic one share a common workspace. The human hand and the supernumerary extra fingers define a higher level kinematic structure that we referred to as augmented hand. The mapping algorithm is based on the definition of a virtual object obtained as a function of a set of reference points placed on the augmented hand, and allows to move the extra-fingers according to the human hand motions, without requiring any explicit command from the user. This type of control strategy was successfully applied to a fully actuated robotic finger used by an healthy human, and was found to be useful in tasks that are typically rather difficult, such as grasping a large object or holding a bottle and unscrewing its cap with the same hand, see Fig. 1.11 .
Both control approaches presented in [79, 60] used an instrumented glove to track the human hand. However, in applications where the coordination between the human hand and the robotic extra limb is not a feasible solution, e.g., when extralimbs are used for patients that are not able to control their hand motion due to an upper limb paralysis, alternative solutions must be explored. A possibility is to use Figure 1 .11: Fully actuated extra finger to enhance the capabilities of an healthy human hand. Left: grasping multiple objects in one augmented hand (ulnar grasp). Right: grasp of a big object (anatomically impossible grasp).
wearable control interfaces designed to be as intuitive and easy-to-use as possible. These features become paramount, for example, in chronic stroke patients that may also be affected by some cognitive deficit, possibly limiting their compliance during a demanding learning phase.
Next subsections describe two of the most suitable interfaces that were used to control the Soft-SixthFinger: the wearable cutaneous device called hRing and the EMG interface called frontalis muscle cap.
The hRing
All the above mentioned works for the design of novel supernumerary limbs have shown incredibly promising results, re-enabling impaired users to grasp objects they would not be able to grasp otherwise. Despite this, most of them do not provide any information about the forces exerted by the supernumerary limb on the environment, which is known to be useful [81, 82, 83] . Often this is not necessary, as operators use their own bodies to counterbalance the forces exerted by the supernumerary limb. For example, in Fig. 1.9 , the patient through his own hand can feel the force applied by the robotic finger through the object [65] . However, this is not always the case. In fact, many post-stroke patients suffer from tactile anesthesia, or anaphia [84, 85] , in the hand contralateral to the stroke, which is the one that should provide force information about the supernumerary limb. For this reason, there have been attempts to restore the sense of touch in patients affected by this deficit. In this respect, the group at the University of Siena proposed a wearable cutaneous interface with the purpose of relying information about the force exerted by the robotic finger. It can be worn on the proximal finger phalanx of the healthy hand and it is called hRing.
A prototype of the hRing is shown in Fig. 1 .12a, and Hussain et al. [65] tested it together with the Soft-SixthFinger described in Section 1.3.1. It consists of two servo motors, a vibrotactile motor, two pairs of push buttons, and a belt. The servo motors move the belt in contact with the user's finger skin. When the motors spin in opposite directions, the belt presses into the user's finger, while when the motors spin in the same direction, the belt applies a shear force to the skin. The device structure is sym- metrical and each side features two push buttons, enabling the hRing to be used both on the left and on the right hand. Through the moving belt, the hRing is able to provide normal and shear stimuli at the fingertip. Through the vibrotactile motor, it can provide vibrotactile transients information, such as the making and breaking contact with the grasped object. Moreover, featuring two push buttons, users can close the robotic finger and increase the grasping force (blue button in Fig. 1.12a) , and reduce the grasping force and open the robotic finger (yellow button in Fig. 1.12a) . Two chronic stroke patients took part to the experimental evaluation of this interface for supernumerary limbs [64] . Each patient used the Soft-SixthFinger and the hRing for bimanual tasks, such as unscrewing a cap of a tomato jar, opening a popcorn bag, or opening a can of beans. Both patients were able to carry out several ADL bimanual tasks that would have not been possible without the supernumerary robotic system. Moreover, they both appreciated the haptic feedback. The demonstration of this integrated system (Soft-SixthFinger and hRing) was awarded with the Best Demonstration Award at the 2016 IEEE Haptics Symposium in Philadelphia, USA. The same haptic device was also used for other applications, not paired with a supernumerary limb. Pacchierotti et al. [86] , for example, used it to provide haptic feedback in a virtual environment. The authors showed that providing tactile feedback through the device improved the performance and perceived effectiveness of the virtual interaction task of 20% and 47% with respect to not providing any force feedback, respectively.
The frontalis muscle cap
The use of the hRing to control the motion of a robotic finger requires the involvement of the healthy hand. To cope with this issue, we proposed the frontalis muscle cap [65] , an EMG based wireless interface which maintains the principle of simplic- Table 1 .3: Motion control of soft sixth finger using trigger signal.
Trigger signal
Associated action single trigger move/stop double trigger change direction ity of a switch without interrupting the patient activities and without the involvement of the healthy hand during task execution. Several EMG interfaces have been already successfully adopted for the control of prosthesis [87] and exoskeletons [88] . The EMG electrodes are usually placed either in the muscles coupled with the robot (exoskeleton) or in muscles where amputees still have the phantom of functions and hence they are able to generate a repeatable EMG pattern corresponding to each of the functions (prosthesis). For chronic stroke patients it is generally difficult to generate repeatable EMG patterns in their paretic upper limb due to the weakness in muscle contraction control. For this reason, we coupled the flexion/extension motion of the robotic device with the contraction of the frontalis muscle. The user can contract this muscle by moving the eyebrows upwards. This muscle is always spared in case of a motor stroke either of the left or of the right hemisphere, due to its bilateral cortical representation [89] .
The frontalis muscle cap is a wearable wireless EMG interface where electrodes, acquisition and signal conditioning boards, as well as a vibration motor to provide haptic feedback are embedded in a cap, see Fig. ? ?. This solution allows the patients to autonomously wear the interface using only their healthy hand. The vibration motor provides the feedback about the robotic finger status in terms of contact/no contact with the grasped object and in terms of force exerted by the device. The acquired EMG signal is sampled at 1 kHz (double EMG band) to avoid aliasing and a wireless communication is realized by a pair of Xbee modules (Series 1). The transmitter is embedded in the frontalis muscle cap while the receiver is placed on the actuator controller unit (specifications of the EMG acquisition board are summarized in Table 1 .4). The reference values of received EMG signals were normalized using maximum voluntary contraction (MVC) technique [90] . This solution avoids the problems related to the high influence of detection condition on EMG signal amplitude. In fact, amplitude can greatly vary between electrode sites, subjects, and even day to day measures of the same muscle site. We implemented an auto-tuning procedure based on the MVC in order to better match the user-dependent nature of the EMG signal. The motion of the compensatory robotic device is controlled by using a finite state machine based on a trigger signal generated by using the hRing or the frontalis muscle cap. When using the EMG control interface, the trigger signal is obtained by using a single-threshold value defined as the 50% of the MVC, a level that was repeatable and sustainable for the subject without producing undue fatigue during the use of the device [65] . The state machine works under the simple control strategy presented in Table 1 .3.
Evaluation
This section explains two aspects of the evaluation of a supernumerary finger. On one side (Section 1.3.6), there is the need of assessing the characteristics of the robotic device from a quantitative point of view using standard indexes devised for robotic grippers (Table 1 .4), and from a qualitative point of view, evaluating its shape adaptability to a standard database of objects [91] . On the other side (Section 1.3.7) , it is important to check whether the device works as expected when used by patients.
Performance evaluation
The performances of the Soft-SixthFinger were evaluated through a subset of the tests proposed in [92] . In particular, we measured the maximum fingertip force, the maximum payload and maximum horizontal grasp resistive force. The results of the experiments are summarized in Table 1 .4. The maximum fingertip force of the device was recorded while fixing its support base on a table with the finger perpendicular to the table surface. The initial configuration of the finger was fully extended and it was commanded to close at the maximum torque. The hook of a dynamometer (Vernier, USA) was rigidly coupled with the fingertip of the device so to measure the force in the vertical direction. The maximum horizontal grasp resistive force was measured by grasping an object (diameter=65 mm, weight=400 g) with the robotic device and the arm while resting the arm on the table. The object was slowly pulled horizontally w.r.t the table surface. To check the maximum payload, the operator's arm was stabilized on a table while grasping a cylindrical object (diameter=65 mm, weight=400 g) with the aid of the Soft-SixthFinger driven at the maximum actuator's torque. The grasped object was slowly pushed down using the dynamometer's bumper. The maximum pushing force was recorded when the object started to slip. The maximum payload of the device is the sum of the weight of the grasped object and the load due to the pushing force.
In order to prove the grasping ability of the device and its shape adaptability to different objects, we used a subset of the objects of the YCB grasping toolkit [91] . This toolkit is intended to be used to facilitate benchmarking in prosthetic design, rehabilitation research, and robotic manipulation. The objects in the set are designed to cover a wide range of aspects of the manipulation problem. It includes objects of daily life with different shapes, sizes, textures, weight and rigidity. In general, grasp success is greatly affected by the ability of the robotic device to adapt to the shape of the object and the environment in response to contact forces. This adaptation increases the contact area and thereby the robustness of the grasp. In literature, the improvements on grasping of unknown object obtained through shape adaptation are well known [76, 93, 94, 72] . We tested the device with different objects to evaluate how the robotic finger can adapt to the shape of the objects to realize a stable enveloping grasp. The tests were performed by a healthy subject wearing the device. This assured to evaluate only shape adaptation of the Soft-SixthFinger, avoiding possible grasp failures which could occur due to the low residual mobility of patients' arms. The finger was able to adapt itself to the shape of the grasped objects due to its intrinsic compliance [65] .
Tests with chronic stroke patients
We tested the proposed device with six chronic stroke patients (five males, one female, age 40 − 62) to see how it can be used for hand grasping compensation in subjects showing a residual mobility of the arm. For being included in the experimental phase, patients had to score ≤ 2 when their motor function was tested with the National Institute of Health Stroke Scale (NIHSS) [95] , item 5 "paretic arm". Moreover, the patients had to show the following characteristics: normal consciousness (NIHSS, item 1a, 1b, 1c = 0), absence of conjugate eyes deviation (NIHSS, item 2 = 0), absence of complete hemianopia (NIHSS, item 3 ≤ 1), absence of ataxia (NIHSS, item 7 = 0), absence of completely sensory loss (NIHSS, item 8 ≤ 1), absence of aphasia (NIHSS, item 9 = 0), absence of profound extinction and inattention (NIHSS, item 11 ≤ 1). The goal of the tests was to verify how quickly the patients can learn to use the device and its control interface. We performed qualitative tests composed of the Frenchay Arm Test [96] , and some ADL bi-manual tasks, where the paretic limb and the robotic finger worked together to constrain the motion of the object while the healthy hand manipulated it (e.g., constrain the motion of a jar while unscrewing its cap). Fig. 1.13 shows two examples of tasks performed by the patients, whereas detailed results are presented in [65, 64] .
Discussion
In this part of the chapter, we presented the newly introduced framework of supernumerary robotic limbs and shared our experience regarding the development of supernumerary robotic fingers that can be used for augmenting and compensating the human manipulation abilities. In particular, the new generation of robotic fingers can be used by the stroke patients to recover their missing grasping abilities and by healthy subjects to enhance their manipulation capabilities. For people with paretic upper limb, most of the attention of the community has been focused on exoskeletons [97] which are very difficult to use specially in chronic stage because of their limitation in accommodating the subjects anatomical variations due to impairment. Moreover, the poor wearability, in terms of weight and size, make them difficult to use in ADL. One of the biggest challenge of rehabilitation and assistive engineering is to develop technology to practice intense movement training at home [98] . The creation of a functional grasp by means of the supernumerary fingers enables patients to execute task-oriented grasp and release exercises and practice intensively using repetitive movements. Supernumerary robotic fingers can increase patients' performances, with a focus on objects manipulation, thereby improving their independence in ADL, and simultaneously decreasing erroneous compensatory motor strategies for solving everyday tasks. The idea of wearable supernumerary limbs as assistive devices is different in nature than other approaches used in rehabilitation and assistive robotics. Supernumerary limbs will provide novel opportunities to recover missing abilities, resulting in improvements of patients' quality of life. One of the more important aspects that has to be taken into account when designing supernumerary limbs is their close interaction with the human body. For this reason the design guiding principles are safety, wearability, ergonomics and user comfort. Although, until now the supernumerary robotic fingers are mainly being used for grasping compensation but there is a good expectation in using these devices to rehabilitate at least the arm. Moreover, we also believe that extra-fingers can play a role even in hand rehabilitation. Patients with hemiparesis often have limited functionality in the left or right hand. The standard therapeutic approach requires the patient to attempt to make use of the weak hand even though it is not functionally capable, which can result in feelings of frustration. The aim is to provide patients with a sense of purpose and accomplishment during ADL training, even during the early phase of treatment when the task can only be partially completed. We hope that the proposed devices can facilitate therapist-guided ADL training and encourage patients to continue exercising the affected limb. From the neuroscientific point of view, the development of this type of devices opens a series of interesting questions on how the supernumerary limbs are perceived by human cognitive system that needs to be investigated.For example, Hoyet et al.
[99] measured humans' sense of ownership of a six-fingers hand avatar controlled in a virtual reality scenario. Participants responded positively to the possibility of controlling the six-fingers hand, despite the structural difference with respect to their own hand. In this respect, we are interested in evaluating the sense of ownership of our extra finger.
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